FpvA, the ferripyoverdine outer membrane receptor of Pseudomonas aeruginosa ATCC 15692 (PAO1 strain), is not specific to the pyoverdine produced by PAO1, but is also able to recognize the structurally different (ferri)pyoverdine of P. fluorescens ATCC 13525. The specificity of FpvA was assessed by iron uptake competitions using the wild-type strains P. aeruginosa ATCC 15692 and P. fluorescens ATCC 13525 and their respective ferripyoverdines, and by fpvA gene complementation of a FpvA-deficient mutant of P. aeruginosa ATCC 15692. The receptor mutant was able to utilize none of the two pyoverdines, while the same but fpvA-complemented mutant recovered simultaneously the ability to incorporate iron thanks to each of the two siderophores. The broad specificity of recognition of FpvA is viewed as an advantage for the strain in iron competition. Moreover, it allows an interesting approach for the understanding of the recognition mechanism between a (ferri)pyoverdine and its cognate outer membrane receptor. z
Introduction
The iron uptake mediated by pyoverdines in £uo-rescent Pseudomonas is usually strain-speci¢c. That is, the bacteria are able to incorporate the iron complexed by their own pyoverdine, but are not able to use the iron complexes of structurally di¡erent pyoverdines of foreign origin [1^4] . This speci¢city is thought to be the result of highly speci¢c recognition of the cognate siderophore at the level of the outer membrane ferripyoverdine receptor. The site of recognition likely involves the peptide part of the pyoverdine molecule, which varies greatly from one pyoverdine to another, by the number and nature of the amino acids [1, 5] . Speci¢city of iron uptake is typically so restricted that it has permitted the use of the ferripyoverdine receptor as a powerful marker for monitoring bacterial release in natural environments [6] , or the cloning of various ferripyoverdine receptor genes [2, 3, 7] . Exceptions have, however, been described, with some strains able to incorporate iron via pyoverdines originating from other strains [4, 8, 9, 11] . Still, in most cases, the use of so-called heterologous pyoverdines involved strains producing identical pyoverdines and, thus, sharing the same siderotype [4, 10] , while, in other cases, it concerned strains expressing, together with their endogenous pyoverdine receptor, a second receptor speci¢cally recognizing the heterologous ferripyoverdine [8^11]. P. aeruginosa ATCC 15692, P. chlororaphis ATCC 9446 and P. £uorescens ATCC 13525 are examples of strains which demonstrated broad speci¢city in pyoverdine-mediated iron uptake, being capable of recognizing not only their endogenous pyoverdine, but also the pyoverdines synthesized by the other strains [1] . The complete structure of the corresponding pyoverdines is now known [12^14] with the pyoverdine of P. chlororaphis ATCC 9446 (PVD WRRT ) being identical to that of P. £uorescens ATCC 13525 (PVD IQSPS ), but di¡erent, although presenting some similarities, from the pyoverdine of P. aeruginosa ATCC 15692 (PVD ISTWP ). The numbers and molecular masses of the iron-regulated outer membrane proteins (IROMPs) of these bacteria [15] , which are typically ferri-siderophore receptors, do not, however, support the presence of multiple ferripyoverdine receptors in these strains. Therefore, the hypothesis that the reciprocal broad speci¢city of the bacteria could be due to a dual recognition of the two structurally di¡erent pyoverdines by their respective ferripyoverdine receptors was tested for P. aeruginosa ATCC 15692 and P. £uorescens ATCC 13525, respectively.
Materials and methods

Bacterial strains and growth conditions
The type strains used in the present study were P. aeruginosa ATCC 15692 (PAO1 strain), P. aeruginosa ATCC 27853, P. £uorescens ATCC 13525 and P. chlororaphis ATCC 9446 and, as a representative of P. aeruginosa siderotype III, the strain P. aeruginosa Pa6 [4] . K690 is a FpvA-de¢cient derivative of PAO1 carrying a 6Tc cartridge within the fpvA gene (K. Poole, unpublished) . High-level expression of FpvA was activated in K690 by the introduction of the fpvA-containing plasmid pPVR2 [16] . Wild-type strains were maintained in LB medium and K690 in LB+Tc at 100 Wg ml 3I (Tc100). pPVR2 was maintained by growth of K690 in LB+Tc100+carbenicil-lin at 100 Wg ml 3I . Cultures for pyoverdine puri¢ca-tion or uptake experiments were carried out in a synthetic, iron-de¢cient succinate medium [17] for 40 h at 25³C with shaking (200 rpm).
Pyoverdines and pyochelin puri¢cations
Forty-hour culture supernatants were harvested by centrifugation, acidi¢ed to pH 6.0 with HCl and ¢l-tered through an Amberlite XAD-4 column (40U6 cm for 5 l of supernatant). The resin was then washed with 500 ml of distilled water and the pyoverdines were eluted with 200 ml of methanol-H P O (1:1, v/v). Methanol was removed in vacuo and the pyoverdines recovered through lyophilization. Ferripyoverdines were prepared by the same procedure following supplementation of the 40-h cultures with an excess of iron chloride (1 ml of a 2 M FeCl Q solution in HCl N for 1 l of culture). Pyochelin of P. aeruginosa ATCC 15692 was puri¢ed through CHCl Q extraction and Sephadex-LH 20 chromatography as previously described [18] .
2.3.
SW Fe uptake
Kinetics of pyoverdine-mediated ( SW Fe) iron uptake into cells were carried out as previously described [19] . When necessary, ferripyoverdines (5 or 10 WM, ¢nal concentration) were added to the bacterial suspension immediately before adding the SW Fe-pyoverdine label mix (i.e., at t = 0).
Results and discussion
To determine if the iron complexes of the pyoverdines produced by P. aeruginosa ATCC 15692 (PVD ISTWP ) and P. £uorescens ATCC 13525 (PVD IQSPS ) both recognize the same ferripyoverdine receptor in each of these strains, competitive iron uptake studies were carried out whereby cells were incubated with SW Fe-labeled endogenous pyoverdine and unlabeled Fe-heterologous pyoverdine. Ironstarved P. aeruginosa ATCC 15692 cells were able to incorporate iron mediated by either of the two siderophores, PVD ISTWP or PVD IQSPS (Fig. 1) . The endogenous pyoverdine, PVD ISTWP , was more e¤cient at facilitating iron uptake into this strain, with PVD IQSPS a¡ording 75% of the PVD ISTWP -mediated iron uptake. When uptake was assessed in the presence of both pyoverdines, PVD ISTWP complexed to labeled Fe and PVD IQSPS complexed to unlabeled Fe, the e¤ciency of SW Fe-PVD ISTWP incorporation was drastically reduced. Uptake decreased by 80% in the presence of 5 WM ferriPVD IQSPS and by 90% in the presence of 10 WM ferriPVD IQSPS (Fig. 2) . Similarly, uptake of labeled Fe in P. aeruginosa ATCC 15692 mediated by the heterologous pyoverdine, PVD IQSPS , was fully abolished in the presence of 5 WM of the unlabeled endogenous PVD ISTWP ferripyoverdine. In contrast, unlabeled ferripyoverdines, known not to facilitate iron incorporation into P. aeruginosa ATCC 15692 (e.g. the pyoverdines of P. aeruginosa ATCC 27853 or P. aeruginosa Pa6 [4] ), had no e¡ect on the PVD ISTWP -mediated iron uptake (Fig. 1) or on the PVD IQSPS -mediated iron uptake (data not shown) in P. aeruginosa ATCC 15692. Such results strongly suggested that the decrease in PVD ISTWP -mediated iron uptake observed previously when unlabeled ferriPVD IQSPS was present, was e¡ec-tively due to a competition for the same ferripyoverdine receptor in P. aeruginosa ATCC 15692 by the two ferripyoverdines and not due to any exchange of iron between the labeled and unlabeled ferripyoverdines during the uptake assay. As such, the di¡er-ences in iron incorporation e¤ciency mediated by the endogenous and heterologous pyoverdines could be due to di¡erences in a¤nity of the two ferripyoverdines for the same receptor, with the endogenous ferripyoverdine having the highest a¤nity. If true, ferriPVD ISTWP inhibition of PVD IQSPS -mediated Fe uptake should be greater than ferriPVD IQSPS inhibition of PVD ISTWP -mediated Fe uptake at a given concentration of the ferripyoverdines, and, indeed, this was what was observed. SW Fe iron uptake in P. aeruginosa ATCC 15692 as mediated by PVD ISTWP alone (b), or in the presence of ferriPVD IQSPS 5 WM (8) or 10 WM (F), or in the presence of 5 WM ferripyoverdine of P. aeruginosa ATCC 27853 (+), or mediated by PVD IQSPS alone (a), or in the presence of 5 WM ferriPVD ISTWP (E).
SW Fe iron uptake as mediated by the pyoverdine of P. aeruginosa ATCC 27853 or P. aeruginosa Pa6 is also represented by E.
Fig. 2.
SW Fe iron uptake in P. £uorescens ATCC 13525 as mediated by PVD IQSPS alone (a), or in the presence of 5 WM ferriPVD ISTWP (7) or 5 WM ferripyoverdine of P. aeruginosa ATCC 27853 (+), or mediated by PVD ISTWP alone (b), or in the presence of 5 WM ferriPVD IQSPS (F).
SW Fe iron uptake as mediated by the pyoverdine of P. aeruginosa ATCC 27853 or P. aeruginosa Pa6 is also represented by F.
Similarly, while both siderophores readily facilitated Fe uptake in P. £uorescens ATCC 13525, uptake mediated by the heterologous pyoverdine, PVD ISTWP , represented only 47% of uptake seen for the homologous system, PVD IQSPS , suggesting a lower a¤nity of the heterologous pyoverdine for the ferripyoverdine receptor in the P. £uorescens strain. Accordingly, the unlabeled ferripyoverdine of P. aeruginosa ATCC 15692 reduced PVD IQSPS -mediated iron uptake by only 30%, while the unlabeled ferriPVD IQSPS fully suppressed the PVD ISTWP -mediated iron uptake in P. £uorescens ATCC 13525. Again, not only does this suggest that a single receptor recognizes the two ferripyoverdines, but that the endogenous ferripyoverdine is preferred.
The ferripyoverdine receptor of P. aeruginosa ATCC 15692 (but not of P. £uorescens ATCC 13525) has been identi¢ed [20, 21] and its gene, fpvA, cloned and sequenced [16] . To assess, then, whether uptakes of ferriPVD ISTWP and ferriPVD IQSPS by PAO1 occurred via a single receptor, uptake assays were repeated using a FpvA-de¢cient PAO1 strain, K690. As shown in Fig. 3B , the FpvA 3 K690 was unable to transport iron via either of the two pyoverdines. Restoration of FpvA production in this mutant via the introduction of cloned fpvA gene on pPVR2 restored uptake by both pyoverdines (Fig.  3C ). This e¡ect was speci¢c to the pyoverdines, with pyochelin-mediated iron uptake being una¡ected and, as expected from previous reports [22, 23] , being more pronounced in the pyoverdine-de¢cient mutant (Fig. 3) . These data con¢rm that a single ferripyoverdine receptor, FpvA, is able to recognize the ferric forms of two structurally di¡erent pyoverdines, as already strongly suggested by the competition experiments. Abbreviations: Chr, chromophore for (1S)-5-amino-2,3-dihydro-8,9-dihydroxy-1H-pyrimido-[1,2-a]quinoline-1-carboxylic acid [24] ; FoOHOrn, NN-formyl-NN-hydroxy Orn; cOHOrn, cyclo-OHOrn (3-amino-1-hydroxy-piperidone-2) ; aThr, alloThr; DAB, diaminobutyric acic.
D-Amino acids are underlined. The sequence of the FpvA analogue in P. £uores-cens ATCC 13525 is as yet unknown, precluding examination of amino acid sequences for homologous which might function as ferripyoverdine binding sites. The structures of the pyoverdines are, however, well established. Table 1 details the peptide part of all of the pyoverdines used in the present study. These ¢ve pyoverdines share the same chromophore, a feature common to all pyoverdines [5, 24] , whereas their peptide parts are original, except for P. £uores-cens and P. chlororaphis whose pyoverdines are identical. Some amino acids are common to the four unique peptide chains, including the D-serine which binds the peptide to the chromophore and the two NN-hydroxyornithine residues which are involved, together with the chromophore, in iron complexation [5] . Being conserved in pyoverdines not used by PAO1, these should, therefore, not be involved in receptor recognition. The only feature of the peptide chain which is unique to PVD ISTWP and PVD IQSPS is the presence of an internal amino acid ring next to the fourth amino acid (in both cases a NN-formyl-NN-hydroxyornithine residue) in each peptide chain ( Table 1 ). The two ¢rst amino acids involved in the ring are identical in both pyoverdines, while two threonine residues completing the ring in PVD ISTWP are replaced by a single serine in PVD IQSPS . Thus, the ¢rst part of the internal ring could be a good candidate as the recognition site towards the respective ferripyoverdine receptors in P. aeruginosa ATCC 15692, P. £uorescens ATCC 13525 and P. chlororaphis ATCC 9446.
